


8. OUTLINE

® MOTIVATION / INSTRUMENT BACKGROUND

GSFC

® LASER TRANSMITTER DEMONSTRATION

B SPECTROSCOPY IN GAS CELL

® POWER SCALING TRANSMITTER WITH HIGH SBS
THRESHOLD EDFA

® OPEN PATH O2 SPECTROSCOPY

® FUTURE WORK / CONCLUSIONS
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MOTIVATION

(ASCENDS)
Launch: 2013-2016
Mission Size: Medium

Active Sensing of CO, Emissions over Nights, Days, and Seasons

CO, measurements:
Day/night, all
seasons, all latitudes

Inventory of global
CO, sources and
sinks

Connection between
climate and CO,
exchange

Improved climate
models and
predictions of
atmospheric CO,

Identification of
human-generated
CO, sources and
sinks to enable
effective carbon
trading

Closes the carbon
budget for
improved policy
and prediction

0 60E 1206 180

ESTC 2008 - Active Optical Session

HIGH FIDELITY GSFC
MEASUREMENTS OF CO2
ARE REQUIRED TO TRACK
SOURCES AND SINKS IN
THE GLOBAL CARBON
CYCLE

NASA-GSFC IS WORKING
ON A LASER INSTRUMENT
DESIGNED TO REMOTELY
MEASURE COaz2.

LARGEST ERROR SOURCES
IN THIS MEASUREMENT
ARE HUMIDITY AND
PRESSURE. PRESSURE
REQUIREMENT IS ~2 mbar.

GLOBAL MEASUREMENTS
OF ATMOSPHERIC
PRESSURE ARE ALSO
APPLICABLE TO WEATHER
PREDICTION,
ATMOSPHERIC MODELING
AND DYNAMIC GRAVITY

FIRER SRS Y REMENR: 2008



BACKGROUND

® AN INSTRUMENT DEVELOPED BY KORB ET AL.* i

DEMONSTRATED ~2 Mbar ACCURACY USING A DIFFERENTIAL
ABSORPTION LIDAR (DIAL) INSTRUMENT IN THE OXYGEN A-
BAND. INSTRUMENT UTILITY WAS LIMITED BY:

@ LASER TECHNOLOGY (ALEXANDRITE) - DIFFICULT TO
FIELD AND INEFFICIENT.

@ DIAL TECHNIQUE - REQUIRES VERY HIGH LASER POWER
FOR SUFFICIENT ATMOSPHERIC BACKSCATTER

® THIS RESEARCH ADDRESSES THESE ISSUES BY:

@ ALTERING THE INSTRUMENT FOR HARD TARGET RETURNS
INSTEAD OF ATMOSPHERIC BACKSCATTER

® DEVELOPING A LASER TECHNOLOGY TO ADDRESS THE
e e R O e AR * APPLIED OPTICS 28 (15), 1989
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OXYGEN A-BAND

GSFC
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LINE SHAPE ANALYSIS

GSFC

BEER-LAMBERT LAW WITH SPLIT CONTINUUM

T(v)=exp[-K(V)-L]=exp[-(K,+ K (V)L
[ ( 2 ) ] AND RESONANT ABSORPTION COEFFICIENTS

N - NUMBER DENSITY
K;(V)=n-S;" f Sj - LINE STRENGTH PARAMETER
f - LINE SHAPE

i In(2) 1 v-v) . J :
fo(v)= 'y—'eXP[—ln(Z)'y—2 TEMPERATURE ﬂ
3 P BROADENING .
L DOPPLER
v, iR ( A -
Yp=—""[2 R In(2)| —— GAUSSIAN) .
& Moz i)“ 02 .
fth\')
(y%) fly(w) 015 7
il 2
f,(v) = PRESSURE
JU o S )/ 2 01l i
vVv-v,)" +( %) BROADENING
COLLISION 7
- T Mgy ( s // \\
YL(VD)=Va,~,'P'(?”) LORENTZIAN) U : _
Wav e11\1111be1 m-1)
! v - . VOIGT - CONVOLUTION OF GAUSSIAN AND
@)= oV =7,) f.(V=¥,-odr LORENTZIAN SHAPES
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INSTRUMENT OVERVI|

GSFC

| < Monitor Target
EMon ()“) = ETx()\’) : RBS ) nMon @ PD ]

f
DAQ Laser Transmitter | — / ———

( ( Electronics

Computer QL‘ :
S'gga' Rx Telescope <

ERx(}"’) il ETx(}") 1 TBS J T'c i 7;()L) . Rtarget ] TIRX
E - OPTICAL PULSE ENERGY

T - TRANSMISSION (CONTINUUM,

E. (L) RESONANT, BEAM SPLITTER)
¥ E, (A) R-R
LIS By i - REFLECTIVITY
T R Ep (A,.) " - DETECTION EFFICIENCY

EMon()"ref) K - ABSORPTION COEFFICIENT

= NRx, EFFICIENCY OF THE RECEIVER, INCLUDES TERMS OFTEN WRITTEN OUT EXPLICITLY LIKE AREA OF THE RECEIVER
TELESCOPE, THE INVERSE SQUARE DEPENDENCE ON RANGE. THESE TERMS HAVE BEEN CONSOLIDATED FOR CLARITY
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LASER REQUIREMENTS

PECTROSCOPY GSFC

® CENTER WAVELENGTH
760 - 770

® WAVELENGTH TUNABLE -
~200 PM

® LASER LINEWIDTH AND
STABILITY ~5 MHZzZ.
(REQUIRES >100 Ns
TRANSFORM LIMITED
PULSES)

® SPECTRAL PURITY ~40
DB

® REMOTE SENSING

® SINGLE SPATIAL MODE

® HIGH PEAK OPTICAL
POWER (HUNDREDS OF
WATTS)
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LASER ARCHITECTURE

GSFC

\_
B DISTRIBUTED FEED BACK (DFB)
DIODE SEED LASER

® NARROW BAND (~1MHZ),
TUNABLE, FIBER-COUPLED

& ERBIUM-DOPED FIBER AMPLIFIER
(EDFA)

@ EFFICIENT, SINGLE MODE,
HIGH POWER, POLARIZED

PERIODICALLY-POLED (PP) KTP

i EFFICIENT DOUBLING
ADVANTAGSESTRF TRANSMITTER

TUNABLE, NARROW-FREQUENCY,
HIGH-POWER, SINGLE SPATIAL MODE,
765 NM, RUGGED, LIGHT-WEIGHT,
EFFICIENT, LOW PARTS COUNT, NO
OPEN CAVITY, MODULAR
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MODULATION SCH]

GSFC

Voltage Ramp Current Driver Modulator
Driver

1530-1 54Onm\0£)/_\qlﬁ)/ PM EDFA
DFB laser l I I I I
Fiber optic AO
isolator Modulator \
\

| J L J
Ay Ay Ay Ay Ay o

@ DRIVE CURRENT TO DFB IS RAMPED AT ~200HZ. THIS SIMULTANEOUSLY SCANS
THE WAVELENGTH AND THE SEED POWER

@ THE DFB IS EXTERNALLY MODULATED WITH AN ACOUSTO-OPTIC MODULATOR (AOM)
AT ~300 KHZ WITH ~200 NS PULSES

® THE AMPLIFIER IS SATURATED SO THE AMPLITUDE MODULATION FROM THE DFB
CURRENT TUNING IS INCONSEQUENTIAL AND RESULTS IN SHORT PULSES OF
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w8 O, SPECTROSCOPY IN GAS CELL

GSFC

ATMOSPHERIC
ABSORPTION
0.25 —
0.2: n - Data
I —HIiTRAN theory

0.15-

5 b AEs & ¥

0.14

59 & 8 . % 8 8 % % 4 0

Normalized Absorption

0.05- [\
SCAN) TRANSMITTED BEAM : f ]
THROUGH 295 METER O“: N el I
(334-PASS) OPTICAL CELL 768.46 76848 7685 76852
FILLED WITH LAB AIR. Wavelength (nm)
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@ MEASUREMENT DEMONSTRATION

GSFC

1400 ® MEASUREMENT
FEite DEMONSTRATING THE
i = CORRELATION BETWEEN
i PRESSURE AND THE
1300
3 . PRESSURE-BROADENED
£ SAEN- (LORENTZ COMPONENT)
S 1250 ’-"
N . & LINE-WIDTH
1200 -0
o
P ® LORENTZ WIDTH WAS
3
) CALCULATED USING A
LEAST-SQUARES VOIGT
1100
0.75 0.8 0.85 0.9 0.95 1 FITTING ROUTINE

Pressure (Atm)
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@’ STIMULATED BRILLOUIN
SCATTERING (SBS)

GSFC

Signal photon

VAVAATATATASS
Acoustic phonon
Stokes photon

= SBS IS A NONLINEAR INTERACTION BETWEEN A LASER SOURCE AND SOUND WAVES
(PHONONS) IN A DIELECTRIC MEDIUM. IT RESULTS IN A LOSS OF POWER IN THE ORIGINAL
SIGNAL AND A BACKWARD PROPAGATING STOKES SIGNAL AT A SLIGHTLY INCREASED
WAVELENGTH.

= SBS CAN APPEAR IN FIBER LASERS AND AMPLIFIERS DUE TO THE COMBINATION OF HIGH
OPTICAL POWER, CONSTRAINED SPATIAL MODE AND LONG INTERACTION LENGTH. SBS
APPEARS IN FIBER LASERS AND AMPLIFIERS FOR PEAK POWERS AS LOW AS ~10OW WHEN
OPERATING IN NARROW LINE-WIDTH (<1OOMHZ) AND IN CW OR LONG PULSE MODE.

| THE PARASITIC NATURE OF THE SBS SIGNAL DRAINS POWER FROM THE MAIN SIGNAL. IT
IS THE PRIMARY NONLINEAR AFFECT LIMITING THE PERFORMANCE OF THE FIBER
TRANSMITTER.
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LASER LAY-OUT FOR HIGH-POWER
DEVELOPMENT

e N
ACULIGHT. Pulse generator Pre-amp stages
® WORK DONE IN _’l_ AOM AOM |
COLLABORATION WITH o
ACULIGHT, INC.
Power amplifier stage
B USING SIMILAR
TRANSMITTER AS A EZED; [ 1 40 mw y
PRE-AMPLIFIER, WE Cgre Isolator 'G’I:D:D
| I
HIGHER POWER NA=0.1 R'1540/T'986nm
® ADDITIONAL AMP TO 977nm ¥ Diode
BOOST AVERAGE ¥ 6 D]:D I‘ 25W
POWER AT LOW DUTY 977nm
CYCLE
- ~¥Y | Doubler stage Dichroic:
nm
® ADDITIONAL AOM TO R:770/T:1540nm
SUPPRESS IN-BAND H: » 1540nm
ASE FROM PRE-AMP 30 mm PPKTP
Crystal
770nm
\_ Y,

Optics Express, 15 (22) 2007
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@ HIGH-POWER DEMONSTRATION

GSFC

g.400 360w ® 40 MW AVERAGE
= 300 SEED POWER
o)
=
3 | 200 135ns
— |®
E @
— |2 0
D
2 -100 0 100200 300 ® 360 WATTS OF SBS-
a 2 time [ns]
e FREE PEAK OPTICAL
3 POWER (HIGHEST
- REPORTED FOR
11 NARROW FREQUENCY
SOURCE)
0 ‘ ' @ SBS IS EVIDENT
0 10 20 30

pump power [W] ABOVE 360 WATTS
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@’ SPATIAL MODE QUALITY

GSFC

-
N

® NEAR DIFFRACTION
LIMITED BEAM
QUALITY
DEMONSTRATED IN
BOTH AXES

® EXCELLENT
POLARIZATION
EXTINCTION RATIO
(20DB) 0

beam radius [mm]

0 50 100 150 200
Z-position [mm)]
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@’ FREQUENCY-DOUBLING

B e e B L e
B ~265 WATTS (PEAK) L 119
OF FUNDAMENTAL 50 L J
PUMP POWER R T1
¥ _ : w,
g 40+ j =
® 56% CONVERSION o 1 OI
EFFICIENCY £ 304 =
[ 110615
= I =
S - =
o T 104 =
PEAK OPTICAL = : i —
POWER AT 770 NM L (g 10.2
® <19% DuUTY CYCLE 0-: . .u----:0

0 0.5 1 145 2 2.5
Ave 1.5 um power (W)
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@/ AERIAL VIEW OF OPEN PATH

440 METER ROUND TRIP [0 "
THROUGH ATMOSPHERE R

q C? » “' b target \
':'.‘\ .
(5, c)
) ’\ "
. B b& o o
-. p” /(\ % | TELESCOPES POINTED OUT LAB

\ :
L4 Bu11d1ng 33/ F411C L5 WINDOW
4th ﬂoor window

GSFC

w  Weather station
mounted on roof
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?

EMPERATURE SENSITIVITY

GSFC

768 766 Wovelengt;;he‘gnm) 762 760
1.0“‘(“-,- q*wvmrmﬂ@ﬂ\ il m p il ﬂf ﬂ T[]
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| |
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=
Temperature Sensitivity (%)

|
w
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EMPERATURE SENSITIVITY &

GSFC

Wavelength (%?1)7
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OPEN PATH TRANSMISSION
MEASUREMENT T

® 440 METER OPEN PATH
MEASUREMENT (SLOW
SCAN ~T1THR)

® COMPARISON BETWEEN
< MEASUREMENT AND
é o Measurement | | THEORY CALCULATED
8 | P y HITRAN Theory |
E 04 L » WITH PARAMETERS
' ! 1 3 FROM HITRAN AND A
0.2 4 ' ; — _ COINCIDENT WEATHER
- 3 14 ' STATION
; i d
764.5 764.6 764.7 764.8 7649 B MEASUREMENT TAKEN

Wavelength (nm
velength (nm) IN DESIRED SPECTRAL

REGION
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IMPROV

111
111

MENTS

@ FUTUR]

® FASTER SCANNING ENABLED BY PULSE INTEGRATION
ELECTRONICS

GSFC

® FASTER SCANNING WILL ALLOW BETTER INDIVIDUAL
MEASUREMENTS AND MORE AVERAGING

® IMPROVE INSTRUMENT DATA COLLECTION AND PROCESSING

® IMPROVED DATA ANALYSIS SOFTWARE

® MORE SENSITIVE DETECTORS

@ SOLAR FILTERS

® LONGER ATMOSPHERIC PATH LENGTH FOR HIGHER
ABSORPTIONS

® DEMONSTRATE ATMOSPHERIC PRESSURE SENSITIVITY
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8. CONCLUSIONS

GSFC

® DEMONSTRATED FIBER-BASED LASER TRANSMITTER
WITH: NARROW FREQUENCY, WAVELENGTH TUNING,
SPECTRAL PURITY, POLARIZED OUTPUT, SINGLE
SPATIAL MODE OPERATION, PULSE MODULATION,

® DEMONSTRATED POWER SCALING
® DEMONSTRATED EFFICIENT FREQUENCY-DOUBLING
® DEMONSTRATED OXYGEN A-BAND SPECTROSCOPY

® BUILT INITIAL VERSION OF REMOTE SENSING
INSTRUMENT
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GSFC

BACK-UP SLIDES
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ENERGY DIAGRAM

GSFC
J'=N'=N"+1
e | T
s | A )
0.8 + 4
b - A A JI=N’=NII_1
5 0.6 + +
é [ ] RQ PP
g - : ~762 nm RR PQ
= 0.4 + 4
0.2 + AL
JII=NII
R-Branch < | > P-Branch
0 N B L e e \7 )
760 762 764 766 768 770 J"=N"+1
Wavelength (nm) J”=N"-1
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WAVELENGTH TUNING

GSFC

® TEMPERATURE SETTING ALLOWS TUNING OF CENTER
WAVELENGTH

® CURRENT TUNING ALLOWS FASTER, MORE PRECISE
WAVELENGTH ADJUSTMENT

1538.50 4———-————————————————— 1537.30 e
[ J i1 o 11 b
153800 )il 1537.25 : 1
= [ ] E 1537.20+ T
E 1537.50+ — E 3
= ] = I |
=2 [ ] 2 1537.151 4
< I ] < ]
[«5) D L
= 1537.00+ i = i 1
= = 1537.101 -
1536.50+ i 1537051 _:_
153600 f e o f 1537.00 ]
15 20 25 30 35 40 45 70 80 90 100 110 120 130 140 150
Temperature (°C) Drive Current (mA)
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HIGH-RESOLUTION SPECTRAL
MEASUREMENT OF LASER TRANSMITTER ™

e e
| | =e=—3 MHz DFB ]
[ ] 14+ —=—cwDFB —+
-304 1L [ | ==0==500 KHz Amp 1
€ ! 2
S g
2! - =
345 i 3
E S
— ®©
S i i E
& -50+ + S
o) I ] pd
kel : : ill
e e
1532 1534 1536 1538 1540 1542
Wavelength (nm) REgeneiie)
[ 3
= MEASUREMENT OF SEED LASER MADE WITH A 50 MEWSUREMENT- IMADE WITH AN 2 e

FIBER FABRY-PEROT ETALON
PM RESOLUTION OPTICAL SPECTRUM ANALYZER

(OSA)
< RED CURVE SHOWS THE CALIBRATION SCALE
WITH 3 MHZ SIDE-BANDS
e DFB SEED LASER SHOWS 40 DB OF SIDE BAND
SUPPRESSION

| BLUE CURVE SHOW THAT THE LINE-WIDTH IS
NOT BROADENED BY AMPLIFICATION
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SPECTRAL PURITY

e
® MEASUREMENT OF THE
e I e b a4 SPECTRA OF THE
: AMPLIFIED LASER SIGNAL
20+ SHOWING ~40 DB OF SIDE
BAND SUPPRESSION.
0T T
ST
fij -40+ 1 @ SOME RESIDUAL AMPLIFIED
§ : SPONTANEOUS EMISSION
.‘_§ ey (ASE) PEAKED AROUND
& : 1545 NM IS OBSERVED.
i THIS COULD BE FILTERED
IF NECESSARY.
| gui.
1530 1535 1540 1545 1550 @ ADDITIONAL SUPPRESSION
Wavelength (nm) WILL RESULT AFTER

FREQUENCY-DOUBLING
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FREQUENCY-DOUBLING

GSFC

B 23% EFFICIENCY

104++——r—t-—t+—t—t+—ttt—t25
® FREQUENCY-DOUBLING -

WAS ACHIEVED WITH A

TEMPERATURE 5
CONTROLLED 30 MM -
PPKTP CRYSTAL - | = Efficiency (%)

5 —e— 770nm peak power (W)

-20

I
[HEN
ol

(%) Aousioiy3

® CONVERSION EFFICIENCY
IS ~1/2 OF THEORETICAL
LIMIT (FOR THIS INPUT
POWER)

I
[HEN
o

770nm peak power (W)

® CONVERSION IS
PRIMARILY LIMITED BY
POWER AT FUNDAMENTAL
WAVELENGTH

i S e T AL

® POWER AT FUNDAMENTAL 0 5 10 15 20 25 30 35 40

IS LIMITED BY SBS 1540nm Peak Power (W)
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SBS MITIGATION IN FIBERS

GSFC

e TRADES
A ® A, VS. SINGLE SPATIAL MODE BEHAVIOR
PTh o 2 B (sgs VS. HOST, DOPANTS, FIBER GEOMETRIES,
Leﬁ "8sps SPECTRAL WIDTH
- ® Leff VS. GAIN, PULSE/SPECTRAL WIDTH

COMMON SBS MITIGATION TECHNIQUES

o INCREASE FIBER MODE SIZE

® Leff CAN BE REDUCED BY DECREASING THE LASER PULSEWIDTH AND/OR BROADENING
THE SIGNAL LINEWIDTH . (OUR APPLICATIONS REQUIRE NARROW LINEWIDTH [LONG
PULSES] SO THIS METHOD WILL NOT WORK)

® DECREASE FIBER LENGTH (INCREASE DOPANT DENSITY TO INCREASE GAIN PER UNIT
LENGTH.)

® PUMP WAVELENGTH AT HIGHEST ABSORPTION TO INCREASE GAIN PER UNIT LENGTH
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FIBER DESIGN

GSFC

® LARGE MODE AREA FIBER (25 PYM
DIAMETER)

@ DESIGN OPTICAL INDEX PEDESTAL ( )
AROUND CORE TO MAINTAIN SINGLE
MODE OPERATION WITH LARGE CORE
AREA

® COIL FIBER TO INCREASE LOSS IN
HIGHER ORDER MODES

coating

® MINIMIZE FIBER LENGTH

Stress rods
@ HIGH DOPANT DENSITY FOR

HIGH GAIN PER UNIT LENGTH

® PuUMP AT 977 NM FOR
MAXIMUM ABSORPTION PER
UNIT LENGTH

d _signal waveguide )
. F}Jmp waveguide - -
index % —
25 um diameter inner core
\ T ! J J
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SEED SOURCE PERFORMANCE
Pulse generator Pre-amp stages
La pleo poM 2
DFB Seed

® SEED SOURCE FOR LOW DUTY 20

6
CYCLE (<1%) OPERATION [\
REQUIRED ADDITIONAL _ £ __f b oo
.d4 11
AMPLIFIER TO BOOST AVERAGE E 40 5 ! \atter
) g \
POWER =5 A 57dB
5) E’z —-/ ~— 171ns
‘o 60 ° | after
{ AOM 1 ‘
® SECOND AOM INCREASED n N /A —
O -200 0 200 400
EXTINCTION RATIO AND . el
SPECTRAL SIDE BAND
SUPPRESSION AND NARROWED 1530 1535 1540 1545

wavelength [nm]

THE PULSE WIDTH
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@/ SPECTRAL PURITY OF
| AMPLIFIED SIGNAL

GSFC

0 . . .
® ToTAL AMPLIFIED 55kHz, with AOM2
2 9W
SIGNAL SHOWS 62 . 20
DB OF SIDE BAND =
-40
SUPPRESSION S
© -60
2
© -80
® INSETS ILLUSTRATE S 60
1540.0 1541.0 1540.0 1541.0
THE EFFICACY OF wavelength [nm] wavelength [nm]
SECOND AOM IN -80
SUPPRESSING IN- 1530 1535 1540 1545 1550
BAND ASE wavelength [nm]
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